Introduction
Chlorhexidine (CHX) is a broad spectrum antimicrobial in widespread use in medical care. It is used in preoperative skin cleansing preparations, hand disinfectants, and oral mouth rinses. It is efficacious against gram-positive and -negative bacteria and many yeast species. Its mechanism of action is related to its crossing the cell envelope and inducing the leakage of intracellular constituents; this is a rapid process, with most damage occurring within 20 seconds of exposure. 1 The threat of the microbial evolution of antibiotic resistance is accepted to be of acute concern to the global community. For this reason there is a strong impetus to develop antimicrobial strategies that do not encourage the evolution of such resistance. The possibility of microbial resistance to CHX has been investigated extensively and it has become apparent that, while individual populations of microbes can become less sensitive to CHX when subjected to increasing environmental concentrations, this is reversed when the CHX stimulus is removed, indicating that such changes are reversible and do not represent a true resistance. 2 For this reason, CHX has been described as a good candidate for the development of materials and devices with antimicrobial properties that do not add to the burden on antibiotics. 
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Barbour et al CHX is most commonly used in the form of CHX digluconate, a readily soluble salt, in aqueous solution. Some biomedical materials have been rendered temporarily antimicrobial by soaking in CHX digluconate solutions. 4, 5 It is also sometimes used in the form of CHX diacetate, and this has been added as a dry crystalline powder to a number of materials with the intention of conferring antimicrobial properties on them. 6−8 In this manuscript, we report the synthesis and characterization of novel CHX-based nanoparticles (NPs) that exhibit a long-term release of soluble CHX and go on to explore their CHX elution profiles, distribution, and structure on medically relevant materials, and their antimicrobial efficacy.
Materials and methods synthesis and characterization of nanoparticles
Chlorhexidine hexametaphosphate (CHX-HMP) NPs were prepared by combining, at room temperature and pressure and under rapid stirring, CHX (as the digluconate salt in aqueous solution) and hexametaphosphate (HMP) (as the sodium salt in aqueous solution) (both supplied by Sigma Aldrich Corp, St Louis, MO, USA) to effect final total concentrations of 5 and 0.5 mmol L −1 , respectively, of each. The resultant nanoparticulate salts are referred to as CHX-HMP-5 and CHX-HMP-0.5, respectively.
Mixing the two reagents resulted in the instantaneous formation of a colloidal suspension. The particle size and zeta potential of the NPs in the colloidal suspensions were characterized using dynamic light scattering (DLS) (Malvern Zetasizer Nano-ZS, Malvern Instruments Ltd, Malvern, UK) as a function of time.
Preparation and characterization of nanoparticle-functionalized materials
Specimens of three materials were coated with the NPs (Table 1 ). An amount of 200 mL of the colloidal suspension was prepared using freshly-prepared reagents (to prevent hydrolysis of the HMP). Each specimen was immersed in the rapidly stirred colloid for 30 seconds, then removed and immersed in deionized water for 10 seconds to rinse, and then, blotted to remove excess liquid and allowed to dry in air.
Nanoparticle-functionalized titanium (Grade 2 commercially pure titanium sheet, 1mm thickness; Ti-TEK Ltd, Sutton Coldfield, UK) and glass (AGF7011; Agar Scientific, Stansted, UK) surfaces were examined using atomic force microscopy (AFM) (NanoScope ® IIIa, Veeco, Plainview, NY, USA). The glass coverslips were suitably flat for AFM analysis, without modification. The alginate fiber wound dressings (Savlon ® Alginate Dressings; Novartis Pharmaceuticals Corp, Basel, Switzerland) were too rough to be amenable to AFM imaging. The polished titanium was also unacceptably rough in comparison with the size of the NPs, and thus for microscopy analysis, flatter titanium specimens were prepared by vacuum-coating titanium onto glass coverslips. The coverslips were cleaned with Balzer Substrate cleaner, No 1 and No 2 (Pfeiffer Vacuum GmbH, Asslar, Germany), and then loaded in calotte plates (Balzer AG, Balzers, Liechstenstein) so that they could be mounted in a Balzer TPH 510 Vacuum Coater (Pfeiffer Vacuum GmbH), with the surfaces to be coated facing downwards. The system was evacuated to a base pressure of 5 × 10 −5 Torr and, after 1 hour, a flow of air was introduced using a needle valve to raise the chamber pressure to 50 mTorr. A glow discharge plasma of 150 W was generated at this pressure and maintained for 10 minutes to prepare the sample surfaces for metal coating. After plasma treatment, the needle valve was closed, and the chamber was baked at 130°C for 8 hours to lower the pressure to 2 × 10 −6 Torr. The titanium was flash-evaporated from tungsten boats at a rate of 1000 Hz s −1 to deposit a metal film 100 nm (2100 Hz) thick on the samples. During evaporation, the calotte plate holder was rotated at 100 rpm to ensure the metal film was of optimal uniformity.
The nanofunctionalized titanium, glass, and alginate fiber wound dressing specimens were examined using a scanning 
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antimicrobial chlorhexidine hexametaphosphate nanoparticles electron microscopy (SEM) (Phenom, Phenom-World, Eindhoven, Netherlands) after coating with gold-palladium alloy, using a sputter coating unit (SC7620, Quorum Technologies, East Grinstead, UK). Since neither glass nor titanium were atomically flat surfaces, it was difficult to distinguish between small (,20 nm) surface features and small NPs; for this reason, the CHX-HMP-5 and CHX-HMP-0.5 NPs were also deposited on freshly cleaved mica (AGF7013, Agar Scientific) and subjected to AFM to resolve the smallest among them.
chX elution from nanoparticlefunctionalized materials Eight specimens of each material coated with the CHX-HMP-5 and CHX-HMP-0.5 NPs were placed in individually labeled cuvettes suitable for ultraviolet spectrophotometry. Deionized water was added to the cuvettes, and they were sealed tightly using cuvette lids. These were agitated on an orbital shaker rotating at 150 rpm (Stuart ® SSM1; Bibby Scientific Ltd, Stone, UK). The cuvettes were kept sealed and were sampled for CHX concentration at intervals over a 60-day period, by measuring absorbance at 255 nm and comparing the readings to calibration standards of 5−50 µmol L −1 CHX. 9 Control sets were prepared, where the specimens were immersed in deionized water and where they were immersed in a 25 µmol L −1 CHX solution, which was the residual concentration of aqueous CHX in the CHX-HMP-5 colloidal suspension.
Microbiology Bacterial strains
Methicillin-resistant Staphylococcus aureus (MRSA) (NCTC 13142; Public Health England, Salisbury, UK) was cultured in Mueller-Hinton (MH) media (Sigma Aldrich). Pseudomonas aeruginosa NCIMB 8626 (ATCC 9027; American Type Culture Collection, Manassas, VA, USA) was cultured in nutrient broth (NB) or nutrient agar (NA) (N7519 or N9405; Sigma Aldrich). All cultures were incubated at 37°C under aerobic conditions throughout the study.
Minimum inhibitory concentrations
The minimum inhibitory concentration (MIC) for the control aqueous 25 µM CHX and the CHX-HMP-5 colloid against planktonic bacteria was determined by serial doubling the dilution (0-25 µmol L −1 ) in a total volume of 100 µL of appropriate media (MH media for MRSA, NB for P. aeruginosa) in a 96-well microtiter plate (according to British Society for Antimicrobial Chemotherapy methodology for determining MIC 10 ). The cultures were incubated for 16 hours at 37°C in aerobic conditions, and optical density (OD) readings were measured at 620 nm (A 620 ) using a standard microtiter plate reader (SPECTROstar Nano; BMG Labtech GmbH, Ortenburg, Germany).
Total viable counts
The samples were taken from the wells of the microtiter plate and serially diluted (10
) in phosphate buffered saline (PBS) (Sigma Aldrich); 10 µL aliquots were enumerated using the total viable cell counting method of Miles and Misra, 11 with MH or NA as a nonselective medium. The numbers of recovered cells were calculated as colony forming units per mL (cfu mL −1 ).
Static biofilm model
The bacterial strains were initially grown for 16 hours, and these stationary phase cultures were harvested by centrifugation, and adjusted to OD 650 = 0.1. Biofilms were aerobically grown in 50 µL of appropriate media (MH media for MRSA, NB for P. aeruginosa) at 37°C for 48 hours; then, the media was removed and discarded. Loosely adherent bacteria were removed by washing the biofilms twice with 100 µL PBS. CHX or CHX NPs, diluted in PBS, were added to the biofilms using a doubling dilution, as described above (0-25 µmol L
−1
). The plates were incubated for 2 hours at 37°C; to estimate the biomass, unattached cells were gently aspirated and discarded, and adherent cells were washed twice with PBS and stained with crystal violet (0.25% w v −1 ) (Sigma Aldrich) for 10 minutes; following a further two washes with PBS, the cell-bound crystal violet was resolubilized with 7% acetic acid (Sigma Aldrich), and absorbance measured at 595 nm (A 595 ).
Results
The mean particle size, as measured by DLS, and the zeta potential of the CHX-HMP-0.5 and CHX-HMP-5 suspensions are shown in Table 2 . It is possible that smaller particles were also present in the colloid, since in DLS, Table 2 Particle size and zeta potential of chX-hMP-0.5 and chX-hMP-5 preparations measured using Dls and electrophoretic mobility measurements 
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Barbour et al the signal is proportional to particle diameter to the sixth power, and thus the signal will be very much dominated by the largest population. The microscopy results would also support smaller particles mixed in with the larger ones. The SEM images of the NP-functionalized alginate fiber wound dressing, glass, and titanium surfaces are shown in Figures 1−3 , and the AFM of the NP-functionalized glass, titanium, and mica surfaces are shown in Figures 4−6. The titanium and glass specimens exhibited nanoscale roughness which made it impossible to distinguish the substrate surface from NPs with diameter less than around 40 nm, but the control mica surface was atomically flat, and these images gave clear indications of a confluent layer of NPs with diameters of 20−100 nm.
The CHX elution from the NP-functionalized alginate fiber wound dressing, glass, and titanium surfaces, as a function of time, is shown in Figures 7−9. All NP-functionalized specimens exhibited soluble CHX release; the magnitude, Notes: The untreated glass cover slip appeared smooth and featureless. The chXhMP-0.5 surface displayed aggregations of nanoparticles forming a self-assembled porous architecture; these were sparsely distributed. The chX-hMP-5 surface displayed similar deposits of the porous aggregate, but these were more widespread, covering much of the surface. A, C, and E were taken at original magnification 2000x; the scale bar is 60 µm. B, D, and F were taken at original magnification 1000x; scale bar is 10 µm. Abbreviations: chX-hMP, chlorhexidine hexametaphosphate; chX-hMP-0.5, chlorhexidine hexametaphosphate (0.5 mmol l −1 ); chX-hMP-5, chlorhexidine hexametaphosphate (5 mmol l CHX (Figure 10 ). The CHX-HMP-5 colloid also disrupted the biofilms of P. aeruginosa more effectively than did the aqueous 25 µmol L −1 CHX at dilutions of between 16× and 4×; at 2× and undiluted levels, 25 µmol L −1 CHX and the NPs were equally effective. Neither treatment resulted in complete the removal of the biofilm for either microorganism tested (Figure 11 ).
Discussion
The mixing of solutions of CHX and HMP under the conditions described in this manuscript resulted in the instantaneous formation of a colloid consisting of particles of maximum average diameter 80 (CHX-HMP-0.5) and 150 (CHX-HMP-5) nm and an average zeta potential of −45 to −50 mV. The AFM and SEM images indicated individual NPs and porous NP aggregates on most surfaces exposed to the colloids. The AFM images also showed typical particle sizes of 20−160 nm. The charge of the particles resulted in a good colloidal stability, presumably owing, at least in part, to the high zeta potential, 12 with only a partial and slow sedimentation behavior demonstrated in the more concentrated preparation. The charge is also thought to be the mechanism by which the NPs adhered to the material surfaces during dip coating. The different material specimens investigated were successfully functionalized with the CHX-HMP antimicrobial NPs, and all materials exhibited a gradual leaching of soluble CHX over a period of at least 50 days.
The highest CHX release, when normalized to the surface area, was from the alginate wound dressing (Figure 7 ). There was an initial burst of CHX release during the first day, followed by a steady release over the experimental period. The SEM images clearly show a dense coating of NP aggregates on almost all of the fibers coated with the CHX-HMP-5 NPs 
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Barbour et al and a sparser but readily apparent distribution on the specimens coated with CHX-HMP-0.5 NPs (Figure 1 ). The alginate dressing was the only specimen for which there was a significant release of CHX from the specimen treated with the control 25 µmol L −1 CHX solution, indicating that the material absorbed some soluble CHX from the solution, but this was considerably lower than that seen from the NP-functionalized specimens. There was a dose-response relationship whereby the CHX-HMP-5 specimens exhibited a greater release than did the CHX-HMP-0.5 specimens, and this correlated with a more widespread coverage of NPs for the CHX-HMP-5 preparation (Figure 1 ). For both the CHX-HMP-5 and CHX-HMP-0.5 specimens, the release was still ongoing at the conclusion of the experiment, indicating that the NPs were not depleted at this time.
These findings may be useful in developing wound dressings that protect acute and chronic or nonhealing wounds from infection. For chronic wounds, such as leg and foot ulcers, often experienced by elderly, immune-compromised, and diabetic patients, the most frequently occurring compli- 
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Barbour et al cation is infection. 13 Biofilms are associated with persistent or chronic wound infections.
14 There are, therefore, many studies reporting the intention to develop an antimicrobial wound dressing, and those that are efficacious against biofilms, rather than only planktonically grown bacteria, are considered to be a particular priority. 15 Some of the most common options are dressings supplemented with silver; however the clinical evidence for the use of silver-containing dressings is ambiguous at best and discouraging at worst. 16 A fibrous wound dressing that releases amoxicillin has recently been reported, although this released the bulk of its antibiotic payload within the first 2 days 17 and of course, does not address the problem of bacterial antibiotic resistance. CHX is already widely used in wound care, and CHX-soaked gauze is estimated to be one of the two most commonly used antibacterial agents in wound dressings for extremity injuries, with the other being iodine. 18 In one study, a polymer-based dressing that was soaked in an aqueous solution of CHX was shown to reduce postoperative infection in patients undergoing foot and ankle surgery. 19 Although simple soaking in CHX solution is likely to result in a rather short release of CHX, an interesting multilayered polymer wound dressing incorporating CHX diacetate has been developed, which exhibited CHX release over 8 days; longer periods were not reported. 20 The release for this dressing was measured as approximately 1 µg cm −2 dressing after 24 hours, which corresponds to a concentration of (1 × 10 4 )/505 = 198 µmol m −2 − very similar to the magnitude of CHX release observed from the prototype dressing reported here. After 7 days, the maximum release observed by the researchers 20 was 3 µg cm −2 , which corresponded to 594 µmol m −2
; the dressing we report took longer to release this quantity of CHX, but the release was sustained over a much longer period than that measured in the previous study. It is possible that the prolonged release of CHX may be a useful facet, particularly for dressings for nonhealing wounds. The premature removal of antimicrobial treatment often results in the recurrence of infection, as the bacterial load is reduced but not cleared; therefore, a dressing with prolonged release antimicrobial action is very attractive.
The NP-functionalized glass surfaces released CHX over the experimental period (Figure 8) , and the CHX released related to the initial density of the NPs and NP aggregates, with the more densely coated CHX-HMP-5 surfaces exhibiting a higher and more prolonged release than the less densely coated CHX-HMP-0.5 surfaces (Figure 2 ). For the CHX-HMP-0.5 specimens, the release of soluble CHX ceased after approximately 20−25 days, whereas for the CHX-HMP-5 specimens, the release was still continuing at the 60-day point. The control group treated with 25 µmol L −1 CHX did not show any CHX release, indicating that the soluble CHX was fully removed by the rinsing step and therefore, that the CHX release observed with the NP-functionalized specimens was owed to the presence of these NPs. Future 
Notes:
The chX-hMP-5 nanoparticles showed a sustained release of soluble chX over the 60-day measurement period, which did not appear to be approaching a plateau at the completion of the experiment. The chX-hMP-0.5 nanoparticles showed a release that was sustained for around 20−25 days, and then, the concentration stabilized, indicating that the specimen was releasing little or no further chX. The control specimens exposed to the aqueous solution of chX did not show any release of chX. Abbreviations: chX, chlorhexidine; chX-hMP-0. 
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Barbour et al studies will determine how long the NP-mediated CHX release continues and whether it can be recharged in situ. This development may find application in glass-containing and glass-like biomedical and consumer products that would benefit from a prolonged antimicrobial functionality. One potential application is glass ionomer cement, a dental filling material that comprises fluoride-containing silica-alumina glass particles embedded in a cement matrix. Attempts to render these antimicrobial, by adding CHX digluconate or diacetate, have met with some success, although there were a few undesirable changes in mechanical properties as a result of the modifications, as well as a loss of antimicrobial efficacy over a period of a few weeks. 21 Another possible compatible material is bioglass, which finds application primarily in orthopedic implants and which has also been subject to attempts to impart antimicrobial properties, such as the infiltration of porous bioglass with silver nitrate, which resulted in a material that was efficacious against Escherichia coli.
22
The titanium surfaces showed clear evidence of aggregations of the CHX-HMP NPs (Figures 3 and 5) . The CHX-HMP-5-functionalized specimens showed a continuous and sustained release of soluble CHX over the duration of the experiments; numerically, this release was about double that seen from the glass surfaces. The CHX-HMP-0.5-functionalized surfaces released little CHX, and this release ceased after approximately 5 days.
The CHX-HMP-5 NPs might find application in the development of antimicrobial coatings for dental and orthopedic implants fabricated from titanium or titanium alloy. Microbial colonization of dental and orthopedic implants can have catastrophic outcomes for the patient and result in complex and costly further surgery and treatment; the development of antimicrobial coatings is therefore a very active field. For instance, the coating of titanium implants with chitosan has been achieved with the intermediate step of applying a silane coupling agent to aid retention of the coating. 23 The chemical bonding of antibiotic molecules to the implant is another approach. 24 Nanoparticulate coatings may offer an advantage over traditional antimicrobial coatings in that the NPs generate a discontinuous coating with sufficient titanium still exposed and available for colonization by osteoblast cells.
The microbiology experiments indicated that the CHX-HMP-5 colloid was efficacious against planktonically grown MRSA and P. aeruginosa in vitro and that this effect was not due to the residual 25 µmol L 
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antimicrobial chlorhexidine hexametaphosphate nanoparticles solution bathing the colloid. Furthermore, the biofilm studies indicated that the CHX-HMP-5 colloid was efficacious against biofilms of MRSA and P. aeruginosa in vitro. The next step in evaluating the antimicrobial and antibiofilm efficacy of the CHX-HMP NPs will be to establish how many bacteria on the differently functionalized surfaces are metabolically active, by using a live/dead staining technique. Both MRSA and P. aeruginosa are nosocomial pathogens that can easily be introduced into wounds, for example postsurgery. They may be found on fomites and surfaces in health care settings and are transferred to wounds as a consequence of poor hygienic practice. MRSA is resistant to numerous antibiotics, making it very difficult to treat, and P. aeruginosa is intrinsically resistant to antibacterial treatment, meaning it is problematic to eradicate. Both organisms will readily colonize a wound site or the surface of an implant, where they can grow as part of a mixed-biofilm; biofilm bacteria exhibit increased tolerance to antimicrobial treatments. Prior to colonization and the development of a biofilm, microorganisms exist in the planktonic form, which is generally more susceptible to antimicrobial treatment. The fact that CHX-HMP-5 was efficacious against both bacterial lifestyles suggests it could be a good preventer of colonization, as well as an effective treatment. 
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Conclusion
The CHX-HMP NPs described here formed a stable colloid with particle size over the range ∼20−160 nm and a zeta potential of ∼−50 mV. The colloids lend themselves to the dip coating of several material types, including metal oxide, glass, and an elastomeric wound dressing, all of which were coated in deposits of porous NP aggregate. Each material displayed an extended release of soluble CHX following CHX-HMP NP-functionalization, which was sustained for at least 50 days. The NP colloid exhibited antimicrobial efficacy against MRSA and P. aeruginosa, in both planktonic and biofilm growth conditions. These antimicrobial NPs may find application in a range of biomedical materials and consumer products. 
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